Abstract Robotic surgery has revolutionized surgical capabilities and continues to change surgical approaches and management. Robotic surgery is in its infancy with respect to head and neck surgery. However, there are several validated indications for robotics in ENT. The authors discuss the role of robotic surgery specifically related to salivary gland disease and discuss the indications, complications and anatomic nuances that justify the current role and continued effort to expand indications for robotic surgery in the field of head and neck surgery.
Introduction
The development of minimally invasive endoscopic procedures revolutionized the field of surgery. Endoscopicassisted procedures have now become standard over open procedures in many fields, including general surgery, gynecological surgery, cardiac surgery and urology [12] . The subsequent development of robotic surgery has allowed for further improvement of the precision and efficacy offered by endoscopic surgery [1] . Robotic surgery has emerged as a less invasive approach to the surgical field in certain areas of surgical medicine. It offers the benefits of smaller surgical scars or placement of scars in more cosmetic areas, decreased blood loss, and decreased morbidity and mortality [10] .
Robotic surgery has mostly advanced with use of the da Vinci robot system. The da Vinci robot is a telemanipulative surgical system that consists of a surgeon's control console and a surgical arm cart. The surgeon's console is equipped with three-dimensional imaging of the surgical field. The surgeon controls the surgical arm inside the control console, and his/her hand motions are translated through the surgical arm, which mechanically maneuvers the operative instruments and video-endoscope within the operative pocket [1] . The high-resolution, magnified, threedimensional view of the operative field provides a direct line of sight and allows for standardization of the procedure for the surgeon and participating assistants and observers.
Within the field of otolaryngology, the use of robotic technology is still evolving. Transoral robotic surgery (TORS) has been validated for use in the resection of oncologic disease of the tonsil and base of the tongue and described for use for tumors of the oropharynx, hypopharynx, larynx and parapharyngeal spaces [2-4, 5 •• , 6, 7] . Robotic-assisted surgery has also been described for selective neck dissections, removal of thyroid and parathyroid glands using distant access incisions, and obstructive sleep apnea surgery [8, 9, 11] .
Robotic procedures have also been described for salivary gland disorders, including the removal of floor of the mouth ranulas, salivary stones, and salivary tumors of the submandibular gland and oropharynx. TORS offers several advantages over traditional transoral surgery in some areas while offering a comparable platform for surgical intervention compared to standard techniques in other areas. For example, the magnification and dexterity provided by the robot allow precise dissection and preservation of delicate structures contained within the oral cavity and floor of the mouth providing comparable surgical handling as compared to the standard approach of manual dissection. TORS offers a line-of-sight view of the anterior and posterior floor of the mouth and the ability for the treatment team to collaborate and participate in the surgery, which is an advantage over the current view offered by traditional transoral surgery. In our experience, TORS has offered better surgical access, diminished blood loss, shorter hospital stay, and lower morbidity and postoperative pain when used for floor of mouth surgery [10] . Because of the preliminary success of robotic surgery in the management of salivary gland diseases and oral cavity tumors, the authors believe further applications for the robotic surgical approach to the management of salivary tumors can be developed. In this article, we will discuss the applications for transoral robotic surgery for management of salivary gland disorders.
Ranula Excision
A ranula is a type of mucocele in the floor of the mouth that arises from the sublingual gland (SLG). Extravasation of mucus from the SLG typically occurs because of salivary duct obstruction or trauma causing acinar damage [14] . Ranulas typically present as unilateral or occasionally bilateral fluctuant swelling of the floor of the mouth, causing discomfort and difficulty in speech for the patient. Plunging ranulas are a more advanced stage of ranula, where the ranula extends beyond the diaphragm of the floor of the mouth musculature, i.e., the mylohyoid muscle, and extends into the neck. There are both medical and surgical options available for ranula treatment. Ranula excision with the associated SLG has the highest success rate in the prevention of ranula recurrence [14] [15] [16] [17] . This is most often accomplished through the transoral approach, which can be used for plunging ranulas as well [15, 16] .
The challenges of ranula excision and of floor of mouth surgery involve the identification and preservation of Wharton's duct, the lingual nerve and its terminal branches, and the excision of the entire SLG via a transoral route [13] . Transoral excision can be difficult dependent on patient anatomy, surgeon's experience, pathology and number of assistants available. Additionally, the floor of the mouth is a diaphragm that separates the oral cavity from the neck and is a dynamic structure that is always changing during surgical manipulation [13] . The authors conceptualized and reported the use of the da Vinci system for anterior floor of the mouth surgery with some specific advantages in mind. TORS offers a direct line-of-sight view to the anterior floor of the mouth and provides an opportunity to convert this dynamic, unpredictable and multiple assistant-dependent surgical experience to a more predictable, standardized approach where the entire team can participate in the surgical dissection with enhanced visualization and surgical access [13, 18] .
Once exposure of the field has been achieved, the robotic arms of the da Vinci system are placed into position in the patient's mouth. The surgeon controlling the instruments does so from a control console within the room. The surgeon utilizes a 5-mm Maryland dissecting forceps and a 5-mm monopolar cautery spatula and can interchange dissecting instruments as necessary. The first assistant remains at the head of the bed and provides retraction and suction as necessary. During the surgery, the SLG is dissected and separated from the lingual nerve and Wharton's duct. The lingual nerve is dissected as well along its length to confirm its identity. Once these important structures have been identified and dissected out, the SLG and ranula can be excised, and the floor of the mouth can be re-approximated using absorbable stitches [13] .
Complications of excision of the SLG with assistance of TORS are the same as for the standard approach and include injury to the submandibular duct and/or lingual nerve. The senior author of this chapter believes that these complications are more easily avoided with the visualization allowed by the robot in comparison to the standard transoral approach. Our experience with the floor of the mouth robot-assisted surgery has validated this fact and shown that direct line of sight, illumination and magnification allow for a more precise dissection and greater ability to preserve lingual nerve function. If injury of the submandibular duct does occur, the duct can be repositioned and stented for 2-3 weeks. Complete salivary duct function can be restored after stent removal [13] .
The use of the TORS for the floor of the mouth surgery provides a more predictable environment, improved exposure, dexterity and less need for multiple assistants while still allowing for preservation of the lingual nerve and Wharton's duct. Further validation is needed to assess long-term recurrence rates and cost effectiveness when compared to traditional procedures [18] (Fig. 1) .
Salivary Calculi
Sialoliths, or salivary stones, are the most common cause of obstructive sialadenitis, followed by stenosis and sialodochitis [19] . Salivary stones are most commonly located in the submandibular gland (80 %), followed by the parotid (19 %) and SLGs (1 %), respectively [20] . Conventional treatment of sialolithiasis is surgical removal of the affected gland. The introduction of sialendoscopy has revolutionized the management of salivary stones and significantly reduced the rate of major gland removal due to sialolithiasis [21 • , 22] .
The majority of salivary stones range between 3 and 7 mm and can be managed using sialendoscopy, lithotripsy or laser fragmentation [24, 25] . Larger (C8 mm) submandibular and parotid stones can be removed using the combined approach technique, which pairs stone localization by sialendoscopy with transoral or external removal of stone(s) [26, 27 •• , 28] . The combined approach technique has been shown to have a gland preservation rate of 86 % [23] . However, transoral removal of large submandibular stones can be complicated by hilar-glandular location of the stone, limited exposure of the proximal floor of the mouth due to reduced mouth opening, large teeth and obesity. Limited exposure makes removal of stones more difficult and also complicates the identification and preservation of the lingual nerve and the placement of sutures in the salivary duct for repair after sialolithotomy [21 • ].
Robotic-assisted removal of salivary stones is based on the combined approach technique and utilizes the da Vinci robot system for the open portion of the combined approach procedure. This has been described by Walvekar et al. for the removal of submandibular megaliths, stones that measure C15 mm [21 • ].
The robotic-assisted removal of a submandibular megalith uses the standard combined approach technique described by Marchal [27 •• ] and utilizes the da Vinci robot system for the dissection of the posterior floor of mouth. Endoscopic localization of the stone is performed using sialendoscopy. Although it is expected that the stone may not be amenable to endoscopic removal, salivary endoscopy allows initial dilation of the duct and stone localization. In addition, salivary endoscopy following stone removal is advantageous for the removal of residual stones and to check the integrity of the salivary duct repair. Dilation and irrigation of the duct and at times intubation of the duct with a stent prior to the open component help in visual localization of the submandibular duct in the mouth floor during robotic dissection.
After the stone has been localized, the open transoral portion of the procedure is begun. A Jennings's mouth gag and tongue retractor are used to expose the oral cavity and surgical site. At this time, the robotic arms of the da Vinci Surgical System are placed into position in the patient's mouth. The first assistant remains at the head of the bed to provide retraction of the tongue and suction, while the primary surgeon operates from within the control console and the second assistant provides external pressure over the submandibular gland. The incision is made over the area of transillumination or pre-marked site. The lingual nerve is dissected along its length and separated from the salivary duct. The Wharton duct containing the stone is then dissected to facilitate identification of the stone. The duct is then mobilized, and the stone within it is isolated with a proximal vessel loop drawing the stone into the field. The duct is incised over the stone, and the stone is delivered. A distal sialendoscopy is then performed to check for additional stones and to remove stone remnants. Wharton's duct is then repaired either via the transoral route or with robotic-assistance over an indwelling salivary stent when indicated. The stent is secured to the mouth floor using a 4-0 nylon single looping stitch described by the senior author [21
This case study confirmed the feasibility of using the da Vinci Si HD Robotic Surgical System for management of giant stones in the submandibular gland with preservation of the lingual nerve and submandibular gland. It concludes that this technique can be used only for larger palpable and impacted stones [21 • ]. Further experience and data from the author's institution further validates the experience of this case report.
The authors acknowledge the fact that combined approach stone removal is feasible via a transoral route and is often done under local anesthesia in many centers in the world as an in-office procedure. However, when these procedures are done under general anesthesia, operative times and surgical experience can be variable based on patient anatomy, available assistance, stone location and orientation, and surgical access. Our study and experience validate the fact that integration of robotic assistance helps standardize the procedure and surgical exposure, making the procedure more predictable and reproducible across centers in terms of surgical experience, time and outcomes when performed under general anesthesia (Fig. 2) .
Submandibular Gland Resection
Surgical excision of the submandibular gland (SMG) is commonly indicated in patients with neoplasms, chronic sialadenitis and sialolithiasis, and to manage chronic drooling (sialorrhea) unresponsive to conservative treatment [29] . Classic submandibular sialadenectomy utilizes a trans-cervical approach [3] . Risks of conventional open surgery include infection, hematoma, salivary fistula, and temporary or permanent damage to the marginal mandibular, lingual or hypoglossal nerve [30] [31] [32] . Other open approaches for SMG removal include the submental, transoral and retroauricular. These alternative approaches offer advantages in terms of cosmesis over the traditional transcervical approach [29] .
Minimally invasive approaches, including endoscopic and robotic-assisted approaches, offer improved cosmesis, less scarring, diminished blood loss, shorter hospital stay and lower morbidity compared to traditional open approaches [29] . Endoscopic approaches have been incorporated into the transoral, submental and transcervical approaches and have been determined to be feasible in human patients [29, 30, [33] [34] [35] 49] . The retroauricular approach has been described and conducted endoscopically and with robotic assistance in humans [36, 37 • , 38] , and an endo-robotic approach has also been described in a cadaver model [1] .
The application of endoscopic and robotic-assisted surgery in the neck initially faced several challenges because of the lack of a discrete, anatomically distinct neck ''cavity'' and the relative need for sufficient maneuverable space for endoscopic instrumentation [1] . Additionally, early investigations in animals were complicated by injuries to neurovascular structures, pneumothorax, and increased pressure on the jugular vein and carotid sinus [1, 39, 40] . Terris et al. developed a hybridized technique utilizing balloon dissection to first create an operative pocket and low pressure CO 2 to insufflate and maintain the pocket. This technique avoids the complications of high pressure insufflations [41, 42] , and better results have been achieved with the creation of this operative pocket, which allows better visualization and access to vital structures of the neck [1] (Fig. 3) .
Robotic-assisted SMG resection was first described in porcine and cadaver models. Haus et al. completed three unilateral submandibular resections in the porcine model in 2003 and found that operative times were decreased with the robotic-assisted surgery when compared to a prior study utilizing an endoscopic-assisted approach in the porcine model [10, 41] . They did not appreciate any gross or histologic injuries to the specimens [10] .
Terris et al. [42] described successful endoscopic resection of the SMG in a cadaver model using balloon dissection and low pressure carbon dioxide insufflation. The endo-robotic resection of the SMG described by Terris et al. in the cadaver model in 2005 used three 10-to 14-mm lower neck incisions. The operation was described in three stages. An operative pocket was created in the subplatysmal plane with placement of the central trocar over the clavicular head of the sternocleidomastoid muscle. Trocars were aimed toward the SMG and maintained by compressed air insufflated at a pressure of 4 mmHg. Two 7-mm trocars and a 12-mm stereoscopic camera were inserted for use during the procedure. The SMG was approached inferiorly in the subplatysmal plane. Care was taken to avoid damage to the marginal mandibular nerve, while the facial artery and vein were identified, isolated and then ligated using robotic clip appliers. The lingual and hypoglossal nerves were also identified and preserved. The SMG was mobilized and retrieved through the 14-mm trocar incision. This study by Terris et al. found that the technique was feasible and decreased operative times when compared to endoscopic approaches [1] . Possible adverse effects of this approach include subcutaneous emphysema, injury to the marginal mandibular, hypoglossal or lingual nerves, and other neural and vascular structures of the neck in addition to conventional risks [1] .
The retroauricular approach provides improved cosmesis by elimination of a neck scar. The scar is easily hidden behind the auricle and underneath hair. Lee et al. used the retroauricular approach for removal of the SMG for five patients with pleomorphic adenoma. The incision is made in the lower portion of the postauricular sulcus arching toward the middle to upper third of the sulcus then arching toward The SMG is exposed, and the skin flap is raised using a lifting device to make a working space. The da Vinci Surgical System with an endoscopic arm and two instrument arms is then introduced. Gland dissection is begun at the inferior portion of the gland. Care was taken to identify and preserve the lingual and hypoglossal nerves. The marginal mandibular nerve was also identified, and Wharton's duct was ligated during the procedure. Preservation of the gland capsule was achieved in areas of tumor penetration in order to prevent tumor spillage [37 • ] (Fig. 4) .
Lee et al. found that the retroauricular approach was useful in exposing the upper neck and providing sufficient working space for robotic instrumentation. The patients were all satisfied with the cosmetic result, despite having a 4-6-cm incision, which is longer than the traditional open transcervical incision. They also found that this technique had decreased operative times compared to endoscopic SMG resection. They did not report any postoperative complications including paralysis or paresthesias of the lingual nerve, hypoglossal nerve or the marginal mandibular branch of the facial nerve. Their mean follow-up time was 5 months, and during that time period, none of their subjects had tumor recurrences. There is still a need for an evaluation of a larger patient group with a longer follow-up period to determine safety and oncologic outcomes [37 • 
A similar study done by DeVirgilio et al. [38] performed robotic sialadenectomy of the SMG with a modified facelift approach in five patients with benign pathologies. They used a similar operative approach as Lee et al. except that they initially created a supra-platysmal flap prior to encountering the SMG. This was done to avoid injury to the marginal mandibular nerve. This study did have increased operative times when compared to Lee et al.; however, both studies acknowledged that operative times decreased as the surgeon and assistant become more proficient at the procedure [37 • , 38] .
The transoral approach involves a floor of mouth incision to access the gland. Advantages of this approach include decreased risk of injury to the marginal mandibular nerve, avoidance of an external scar, minimal risk of postoperative sialocele formation and inflammation of Wharton's duct. Disadvantages include scar contracture in the floor of the mouth and injury to the lingual and hypoglossal nerves [33] . The endoscopic transoral approach has an additional advantage of improved visualization, magnification and illumination of the anatomical landmarks. It also creates a wider surgical field compared to the open approach. Disadvantages include the cost of endoscopic equipment, the learning curve of the surgeon and the need for increased operative and setup time [29] . Recent literature has confirmed the transoral endoscopic approach as a feasible means for SMG removal in cases of benign disease [33, 43, 49] . Due to the preliminary success of the endoscopic transoral procedure, there is a potential application of TORS for transoral SMG removal. Use of TORS could potentially overcome the reduced operative field between the tongue and the mandible as well as prevent injury to the lingual or hypoglossal nerves through delicate dissection of these structures (Fig. 5 ).
Minor Salivary Gland Tumors
Tumors of the salivary glands account for up to 6 % of head and neck neoplasms [44] . They can occur in the major or minor salivary glands. Major salivary glands include the parotid, submandibular and SLGs. The minor glands are comprised of a group of approximately 600-1,000 small glands, which are dispersed throughout the upper aerodigestive submucosa, which includes the palate, lips, pharynx, nasopharynx, larynx and parapharyngeal space. While the majority of major salivary gland tumors are benign, the opposite is true for minor salivary gland tumors, with the majority being malignant [45] . Minor salivary gland tumors comprise 2-3 % of all salivary tumors [46] .The most common type of minor salivary malignancies includes adenoid cystic, mucoepidermoid and acinic cell carcinomas [47] . Traditional approaches for excision of minor salivary gland neoplasms include the translabial, transmandibular and transcervical. These approaches are associated with significant morbidities, including jaw nonunion, malocclusion, palate-related complications and additional surgical ablative complications, which include dysphagia and altered speech. The successful application of the minimally invasive TORS approach for management of SCC of the oropharynx has allowed the opportunity for management of minor salivary gland tumors by this same approach. A retrospective review conducted by Villanueva et al. [48] at Mount Sinai followed ten patients over a 5-year period. The study group had either T1 or T2 cancers of the minor salivary glands, located in the base of the tongue, tonsil, soft palate or lateral pharyngeal wall. Short-term follow-up data demonstrated safety and feasibility for the management of minor salivary tumors of the oropharynx as well as low morbidity relative to open procedures. Preliminary oncologic outcomes in this limited group were encouraging. No patients in this group suffered surgical complications, and all patients achieved good functional outcomes. There is a need for additional investigations with larger numbers of subjects and long-term follow-up to determine oncologic outcomes and cost effectiveness.
The disadvantages of robotics include the high cost of the da Vinci robot system and the need for further cost analysis for these procedures. TORS does have the same risks as conventional transoral surgery; however, we believe that these risks are reduced because of better visualization and more precise dissection using the da Vinci instruments. Robotic surgery in the neck includes conventional risks as well as the risk of subcutaneous emphysema, injury to the marginal mandibular, hypoglossal and the lingual nerves, and other neural and vascular structures of the neck [1] . However, the hybridized technique described above aims to, and has so far succeeded in, reducing these risks [41] . The da Vinci robotic system also requires an adequate learning curve for the surgeon and assistant, which can affect operative time for less experienced surgeons [38] .
Future Applications/Conclusions
The application of the TORS for the head and neck as well as salivary gland tumors is evolving and is in many ways is still in its infancy. Technological advances have allowed us the opportunity to consider more functional surgeries for tumors of the oropharynx and allowed us to extend these applications to other areas such as the salivary glands.
In general, numerous studies have shown a decrease in morbidity and mortality with overall preservation of important structures due to the improved visualization and the delicacy and dexterity of the robotic arm manipulation of tools while dissecting vital structures. Several studies have shown decreased operative times, improved cosmesis, and promising functional and oncologic outcomes [1, 10, 21 • , 37 • , 48]. Robotic-assisted surgery also provides an opportunity for the surgeon and assistants to work in tandem, as all surgical steps are visualized by the surgical team and the operating room staff. This provides an advantage for teaching residents, medical students and OR staff in normally poorly visualized surgical fields. There is also the future potential to provide healthcare in underserved areas if the surgeon can perform the surgery from a distant location and be assisted by personnel in the underserved surgical center.
The current applications of robotic surgery for salivary gland disorders need further evaluation with long-term studies to validate its utilization and cost. In addition, such studies will help us determine the benefit that this technology offers to our patients in terms of outcomes and preservation of function.
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